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A recent structural study of a double-stranded DNA
bacteriophage has provided remarkable new insights
into the assembly of a complex virus particle and ushers
in a new era in the imaging of non-icosahedral viruses.
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The assembly of the double-stranded DNA bacteriophage
φ29 involves a molecular machine that packages DNA into
a pre-formed procapsid particle (Figure 1). The DNA is
shuttled into the procapsid head through a dodecameric
‘connector’ that is associated with six copies of a small
RNA, known as pRNA [1–3]. A DNA pump, powered by
ATP and dependent on pRNA for activity [4], is
transiently associated with the particle and provides the
driving force for packaging. During DNA packaging, the
‘scaffolding’ protein, required for assembly of the
procapsid, is lost. The pRNA molecules are released when
the particle is full of DNA, at which point appendages for
DNA delivery to the susceptible bacterial cell are attached
to the asymmetric particle. Some of the features of the φ29
assembly machine, including the DNA packaging process,
the connector structure and the ATP dependence, are
common to many double-stranded DNA phages.
Phage φ29 infection of Bacillus subtilis begins when the
DNA is delivered into the host cell, leaving an empty, but
intact, particle outside of the cell. The entire process of
capsid assembly, DNA packaging and DNA delivery has
been studied with a variety of genetic, biochemical and
biophysical approaches [5], and infectious particles have
been assembled entirely with recombinant gene products
in Escherichia coli [6]. Until recently, methods of imaging
asymmetric structures, similar to those used for studying
the ribosome, have not been applied to any of the
complex phages. The structures of a number of phages
have, however, been studied using methods developed to
analyze particles with icosahedral symmetry, ignoring the
asymmetry of the particle [7–9]. Tao et al. [10] have
recently used cryo-electron microscopy and image recon-
struction methods to image five different φ29-associated
particles. This work not only provides new insights into
the assembly of a complex particle, but is a significant
breakthrough in the development of imaging technology
for reconstructing non-isometric particles.
Imaging isometric particles
The asymmetric assembly products examined by Tao et
al. [10] included: the prohead, containing five proteins and
no DNA; the authentic virus, containing seven proteins
and double-stranded DNA (Figure 1); and empty virions
that had expelled their DNA. Two different icosahedral
particles, assembled with temperature-sensitive or
suppressor-sensitive mutations in defined gene products,
were also analyzed. The assemblies that Tao et al. [10]
investigated and the gene products in the purified
particles are listed in Table 1.
Tao et al. [10] used a form of φ29 that makes a temperature-
sensitive mutant scaffold protein gp7*, and a truncated
fiber protein gp8.5*. All other gene products were present
in their wild-type form. At elevated temperatures, this
mutant phage assembled as a so-called ‘fiberless isometric
particle’, roughly 425 Å in diameter. The final particle had
released the scaffolding protein gp7*, and contained only
180 copies of the major capsid protein gp8. The reconstruc-
tion followed conventional methods for an icosahedral par-
ticle, and provided both empirical models for image
analysis of the non-icosahedral particles and a standard to
evaluate the quality of the reconstructed images.
The reconstruction showed that the φ29 shell is remark-
ably thin (~15 Å). Domains protruding from the capsid
subunits interact at icosahedral and quasi-twofold sym-
metry axes. The assembly of a shell with a ‘T=3’ (where
T refers to triangulation number) surface lattice indicated
Figure 1
Stereo image of the cryo-electron microscopic reconstruction of the φ29
virion (see Table 1). The capsid fibers bind at the quasi-threefold symmetry
axes on the hemispheres, but not at the central band of hexamers. Note the
similarity to the physical model constructed from hexamers and pentamers
in Figure 2b. Figure courtesy of Y. Tao.
that capsid subunits are organized as hexamers and pen-
tamers, presumably as a result of a switching mechanism
in the gp7*–gp8 complex. The particle shape is spherical,
with nearly perfect quasi-sixfold symmetry axes and only
subtle differences at the icosahedral and quasi-twofold
contacts. These features are reminiscent of RNA viruses
such as cowpea chlorotic mottle virus, cucumber mosaic
virus and turnip yellow mosaic virus. Assembly of the φ29
isometric particles must depend on the synthesis of a
transient factor associated with B. subtilis infection, as
with recombinant proteins produced in E. coli the assem-
bled particles formed from gp7 and gp8 alone are hetero-
geneous, with widely varying sizes and shapes [11]. 
So-called ‘fibered isometric particles’ were made with φ29
mutants deficient in only the scaffolding protein; in this
case, gp8.5 protein fibers were incorporated into the T=3
virus particle. The fibers were positioned at all of the
quasi-threefold symmetry axes, so that there are 60 copies
of the dimeric fiber in the particles. Although not used in
this study, a suppressor-sensitive mutant defective only in
connector protein gp10* has also been found to assemble
fibered isometric particles. Taken together, these observa-
tions suggest that the isometric particles (Figure 2a) are
formed as a result of a defect in the connector–scaffold
interaction; when this interaction occurs correctly, prolate
particles are produced either in infected B. subtilis cells or
in the expression-based E. coli assembly system [11].
Imaging the virus prohead
B. subtilis infection with a φ29 mutant deficient in the pack-
aging ATPase and a lysis protein results in the formation of
a stable prohead. The same type of particle was obtained in
the E. coli assembly system when all the genes in the pro-
capsid were expressed [11]. This particle is prolate in shape
and has a distinctive polarity, with the connector end
visible directly in the cryo-electron micrographs. The iso-
metric particle density was used to construct a consistent
model for the prolate particle, by combining two T=3
hemispheres separated along a fivefold axis and joined
back together by a ring of ten additional hexamers
(Figure 2b,c). This model was used to determine the initial
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Table 1
Types of φ29 particle subjected to structural analysis.
Particle Components Function Copy Dimensions Quasi- Imposed Resolution Cryo-EM 
in capsid number symmetry symmetry (Å) reconstruction
‘Fiberless [gp7*]* Scaffold ? 425 Å T=3 532 21
isometric’ gp8 Major capsid 180 diameter
‘Fibered [gp7*]* Scaffold ? 425 Å T=3 532 21
isometric’ gp8 Major capsid 180 diameter + 250 Å
gp8.5 Head fiber 2 × 60 long fiber
Prohead gp7 Scaffold ~180 420 × 540 Å T=3, 5 27
gp8 Major capsid 235 elongated
gp8.5 Head fiber 55 × 2 (Q=5)
gp10 Connector 12 or 13
gpRNA Prohead RNA 6
Virion gp8 Major capsid 235 420 × 910 Å T=3, 5 36
gp8.5 Head fiber 55 × 2 (including neck/ elongated
gp9 Tail knob ~10 tail, excluding (Q=5)
gp10 Connector 12 or 13 fibers)
gp11 Lower collar ~12
gp12* Appendage ~12 × 5 420 × 540 Å
gp3 DNA terminal 2 (excluding neck/
dsDNA Genome 1 tail and fibers)
Emptied gp8 Major capsid 235 420 × 910 Å T3, 5 33
virion gp8.5 Head fiber 55 × 2 (including neck/ elongated
gp9 Tail knob ~10 tail, excluding (Q=5)
gp10 Connector 12 or 13 fibers)
gp11 Lower collar ~12 420 × 540 Å
gp12* Appendage ~12 × 5 (excluding neck/
gp3 DNA terminal 2 tail and fibers)
Table adapted from data in Tao et al. [10]. *The protein is initially present, but is released from the capsid. T, triangulation number. Q, ‘elongation number’.
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orientation of the particles in the micrographs, and these
individual particles were the combined and the fivefold
symmetry applied in the reconstruction. 
As the model did not include the fibers, their appearance
at quasi-threefold axes in the reconstruction provided
excellent validation of the procedure. The fibers did not,
however, appear at all of the quasi-threefold axes, as they
did in the case of the T=3 isometric particles. Quasi-three-
fold axes associated with the belt of hexamers at the
particle equator contained no fibers. Examination of a
simple model of the particle (Figure 2b) showed that the
quasi-trimers in the belt and those in the hemispheres are
different — the dihedral angles between hexamers and
pentamers are different in the hemispheres (~140°) and in
the belt (~180°). This is because the quasi-threefold axes
in the belt are surrounded by three hexamers, whereas in
the hemisphere these axes are surrounded by two hexam-
ers and a pentamer, adding curvature to the capsid. It is
clear that local environments serve as control elements for
association of fibers with the shell.
Conformational switching
The observation that φ29 particles can assemble with
either a prolate or an isometric shape indicates that a
conformational switch plays an important part in the
assembly of the prolate particles. In other virus systems,
similar types of conformational switch have been manipu-
lated to produce particles with variant quasi-symmetry. In
the RNA virus alfalfa mosaic virus, for example, deleting
the twenty-six amino-terminal residues of the capsid
protein changes the normal bacilliform particle to an iso-
metric T=1 capsid. In the case of bacteriophage T4,
which normally has a prolate capsid based upon T=13
quasi symmetry, enormous ‘polyheads’ are formed in the
presence of mutant forms of the scaffolding protein gp22
or gp67 [12,13].
As mentioned above, conformational switching of this kind
involves a change in the dihedral angle between hexamers
and pentamers in the capsid. Similar dihedral angle switch-
ing has been seen in nodaviruses [14], where it is con-
trolled by the presence or absence of a short duplex RNA
segment. This RNA switch acts together with an amino-
terminal arm of the capsid protein to generate flat contacts
— 180° dihedral angles — at the icosahedral twofold axes
of the capsid, by forcing a subunit dimer hinge open like
those seen in the belt of φ29. When the nodavirus flock
house virus (FHV) correctly assembles an isometric T=3
capsid in vivo, both the RNA and the capsid arm are
Figure 2
The principles of elongated capsid
construction, demonstrated with physical
models. The hexamers and pentamers are
relatively rigid, with flexible joints that can
form various dihedral angles. In all of the
particles, a fivefold symmetry axis is oriented
vertically and parallel to the plane of the
paper. For prolate particles, the elongation
number Q, in conjunction with the T number,
determines the number of subunits in the
capsid, according to the formula
N = 30 (T + Q). Q can be any integer greater
than zero. A particle with Q = T is isometric;
when Q > T a prolate particle is formed; and
when Q < T an oblate particle is formed [24].
The first three parts demonstrate the
principles of construction of a prolate T=3
particle similar to φ29. (a) An isometric
particle with T=3 quasi-symmetry. (b) A
prolate T=3, Q=5 particle. (c) The
construction of the elongated particle is most
easily visualized as the division of the T=3
isometric particle into two hemispheres, and
the insertion of a row of ten hexamers
between the two hemispheres. The second
three parts illustrate the construction of an
elongated T=1 particle similar to that found in
aberrant FHV particles [19]. (d) A T=1
isometric particle. (e) A prolate T=1, Q=2
particle. (f) The elongated T=1 particle can
be visualized as the division of the T=1
isometric particle into two hemispheres, and
the insertion of a row of five hexamers
between the two hemispheres. Note that in
the prolate T=3 particle the added band of
hexamers are arranged in a zigzag pattern,
and in the prolate T=1 particle the hexamer
arrangement is linear. All models are on the
same scale.
present to guide assembly. A mutant FHV lacking the
protein portion of the switch was recently found [15], when
packaged with a sub-genomic RNA, to form prolate parti-
cles with a shape similar to that of φ29 proheads. A model
for these particles (Figure 2e) is consistent with an elon-
gated T=1 particle with an added ring of five hexamers
with flat contacts.
The RNA/peptide switch of FHV might be functionally
analogous to the scaffolding protein in φ29 and other
phages, deletion or mutation of which leads to the forma-
tion of aberrant particles. When the FHV scaffold peptide
is deleted, the virus switches to make a prolate rather than
an isometric particle. Conversely, when the φ29 scaffold
protein is mutated, the virus produces a prolate rather
than an isometric particle. These cases illustrate a funda-
mental caveat in the quasi-equivalent reconstruction of
virus capsids: the difficulty of generating the correct
spatial relationships is proportional to the size and com-
plexity of the capsid. Larger particles, such as φ29 and the
T=7 phages, almost invariably require an independent
protein scaffold for correct assembly. In this regard, the
φ29 prohead structure provides significant insight into the
role different proteins play in determining the geometry
of the assembly.
It is clear that gp7 and gp8 allow the subunits to form
hexamers and pentamers, but these are not necessarily as
organized as those in an isometric or prolate particle. Pro-
heads were formed in either infected cells or in the E. coli
expression system in the presence of the connector. It is
likely that the connector initiates assembly by interacting
with the scaffold protein or a scaffold protein–capsid
protein complex [11]. Thus, the dodecameric connector,
with its symmetry mismatch to the icosahedral point
group (where a point group is a set of symmetry elements
that all pass through the same central point in space),
propagates information to both direct the location of hexa-
mers and pentamers and to limit the amount of extension
in the central belt.
Imaging full and empty virion
The electron density for the φ29 prohead provided an
ideal model for orienting the virions, and the assumption
of fivefold symmetry allowed the reconstruction of a
superb cryo-electron microscopic image of the φ29 virion
(Figure 1). As with the prohead, fibers appeared at only
the quasi-threefold axes in the hemisphere. The assump-
tion of fivefold symmetry in the reconstruction does
obscure the symmetry mismatch conferred by the connec-
tor and associated proteins added after DNA packaging.
But even with this problem, it was possible to see
unprecedented detail in the vicinity of the DNA-delivery
tube. It was straightforward to conclude that either a
protein plug or the DNA itself occupies the tube in the
virion and that the tube is totally empty in the ‘spent’
shell. Although DNA density is clearly visible in the
virion, its higher-order organization was not discussed by
Tao et al. [10]. Previous diffraction studies, however, have
indicated that the genome in φ29 is organized in a liquid
crystalline phase in the capsid, with a center-to-center
spacing of 27.5 Å between helices [16].
Comparison to other viruses
The φ29 capsid is derived from a T=3 architecture, rather
than the T=7 architecture seen in many phages, and this
difference may account for some of the differences in
particle maturation between φ29 and other double-
stranded DNA phages. Capsids of phages HK97, P22 and
P4 are based on T=7 isometric architecture, and packaging
of DNA into the procapsids of these phages initiates a large
conformational change. During maturation, the capsid
expands in diameter and the hexamers, which are distorted
in the procapsid, rearrange to sixfold symmetry. Similar
changes occur in some double-stranded DNA animal
viruses, such as herpesvirus; the herpesvirus procapsid has
distorted hexamers, which adopt sixfold symmetry when
the particle expands during maturation [17,18].
In the case of φ29, as with other double-stranded DNA
phages and viruses, the genomic DNA is packaged into an
empty procapsid that was pre-formed with the assistance
of a protein scaffold. In contrast to the hexamers of iso-
metric phages, those of the φ29 proheads are not distorted
and have the expected sixfold symmetry. There is no
large expansion during the prohead-to-virion transition of
φ29. The presence of skewed hexamers may be a way of
assembling T=7 capsids [19] and not be required for
assembly of the prolate T=3 particle.
The φ29 particles, including the prohead, have a dimeric
external fiber that is attached during capsid assembly.
Capsid fibers have not been observed in isometric
phages, but some isometric phages, such as lambda [8],
have accessory proteins that may serve an analogous role.
Adenovirus capsids have external fibers with threefold
symmetry at the pentons (pentamers of subunits), which
act in receptor binding [20], but it is not clear if they bear
any similarity in function to those of φ29.
It is tempting to think of the ‘elongation’ of the φ29
prolate capsid in evolutionary terms. The most obvious
function of capsid elongation is to increase the genomic
packaging potential of the particle. In the φ29 system, it is
surprising how readily the prolate capsid can be converted
to an isometric T=3 particle, simply by mutating the scaf-
fold protein. Perhaps the φ29 ancestral capsid was a T=3
isometric particle, which evolved into an elongated parti-
cle in the process of increasing the size of the genome.
The elongation of a T=3 capsid by the addition of an addi-
tional row of hexamers (Figure 2a–c) is an alternative
means of expanding the capsid volume, something that is
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more commonly achieved by increasing the triangulation
number of an icosahedral capsid. 
Conclusions
The structures reported by Tao et al. [10] initiate a new
era in structural virology, in which complex molecular
machines are imaged from their unstained electron
density. Clearly, with enough particles, images of
proheads, virions and empty virions can be generated with
no imposed symmetry. This will allow direct evaluation of
proposed models of DNA packaging and the role and sym-
metry of the connector–pRNA complex. The ultimate
goal of the structural work is an atomic resolution model of
the whole phage. The goal of determining structures of
double-stranded DNA phages at near-atomic resolution is
particularly challenging, as until recently it was not even
possible to crystallize a phage capsid [21].
It is likely that a pseudo-atomic model will be obtained
first, in which high-resolution structures of individual
phage components are assembled by computer model-
ling, guided by cryo-electron microscopic images [22].
The quality of the latter ‘guides’ should improve rapidly,
given the remarkable progress that has being made in
increasing the resolving power of cryo-electron
microscopy and image processing [23], and they may ulti-
mately allow protein chains to be traced from only elec-
tron microscopic data — the problems with this are the
practical ones of sample homogeneity and data collection.
Given such an outlook, it is difficult to resist a feeling of
optimism that the study of these remarkable particles,
which has contributed so much to the field of molecular
genetics, will be at the forefront of significant advances in
structural biology.
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